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a b s t r a c t 
The Miniature Radio Frequency (Mini-RF) instrument aboard NASA’s Lunar Reconnaissance Orbiter (LRO) 
is a hybrid dual-polarized synthetic aperture radar (SAR) that operated in concert with the Arecibo Obser- 
vatory to collect bistatic radar data of the lunar nearside from 2012 to 2015. The purpose of this bistatic 
campaign was to characterize the radar scattering properties of the surface and near-surface, as a func- 
tion of bistatic angle, for a variety of lunar terrains and search for a coherent backscatter opposition effect 
indicative of the presence of water ice. A variety of lunar terrain types were sampled over a range of in- 
cidence and bistatic angles; including mare, highland, pyroclastic, crater ejecta, and crater floor materials. 
Responses consistent with an opposition effect were observed for the ejecta of several Copernican-aged 
craters and the floor of the south-polar crater Cabeus. The responses of ejecta material varied by crater 
in a manner that suggests a relationship with crater age. The response for Cabeus was observed within 
the portion of its floor that is not in permanent shadow. The character of the response differs from that 
of crater ejecta and appears unique with respect to all other lunar terrains observed. Analysis of data for 
this region suggests that the unique nature of the response may indicate the presence of near-surface 
deposits of water ice. 

© 2016 Elsevier Inc. All rights reserved. 
1. Introduction 

The possibility that water ice could be present in permanently 
shadowed regions near the poles of the Moon has long been pos- 
tulated (e.g., Watson et al., 1961; Arnold, 1979 ) but, until recently, 
little information existed as to the nature of these deposits. Recent 
measurements using neutron spectroscopy ( Feldman et al. 1998, 
2001; Lawrence et al., 2006; Elphic et al., 2007; Mitrofanov et al., 
2010 ), near-infrared reflectance spectroscopy ( Pieters et al. 2009 ), 
thermal infrared radiometry ( Paige et al. 2010 ), far UV imaging and 
spectroscopy ( Gladstone et al. 2012; Hayne et al., 2015 ), and LIDAR 
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reflectance ( Zuber et al. 2012; Lucey et al. 2014 ), and in situ mea- 
surements ( Colaprete et al., 2010 ) all point to the presence of water 
on the Moon. The Lunar Crater Observation and Sensing Satellite 
(LCROSS) impact into a permanently shadowed portion of Cabeus 
crater has provided the most direct evidence for the presence of 
water in the form of ice ( Colaprete et al., 2010 ). Measurements of 
near-infrared absorbance and ultraviolet emissions indicated that 
water ice and vapor were present in the resulting ejecta plume at 
between 3 and 10% by weight. 

Radar provides another means of remotely probing planetary 
surfaces for the presence of water ice. Water ice can exhibit a 
strong response at radar wavelengths in the form of a Coherent 
Backscatter Opposition Effect (CBOE). This effect has been observed 
in radar data for the icy surfaces of the Galilean satellites ( Ostro 
et al., 1980; Black et al., 2001 ), the polar caps of Mars ( Muhleman 
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Fig. 1. Bistatic radar observation coverage (red) of the lunar nearside from 90 °W 
to 90 °E longitude (a) and south pole from 60 °S to 90 °S (b). 
et al. 1991 ), the floors of polar craters on Mercury ( Harmon and 
Slade 1992, Butler et al. 1993; Harmon et al., 1994 ), and terres- 
trial ice sheets in Greenland ( Rignot, 1995 ). The nature of the re- 
sponse is generally thought to be a result of the coherent addition 
of radar energy that propagates into a low-loss medium such as 
water ice and is scattered by imbedded impurities or pore space 
in the ice. Waves that travel the same path in opposite directions 
between multiple scatterers in a medium that is multiple wave- 
lengths in thickness can combine coherently to produce an opposi- 
tion peak, i.e., a peak centered at zero phase ( Hapke, 1990 ) – phase 
angle at optical wavelengths equivalent to as bistatic angle at radar 
wavelengths. The radar energy propagates through forward scatter- 
ing, preserving the original sense of the polarization ( Peters, 1992 ). 
This causes the circular polarization ratio (CPR – see Section 2.2 ) 

Fig. 2. Horizontal (a) and vertical (b) channel images of the crater Kepler and sur- 
rounding Oceanus Procellarum mare materials from bistatic observation 2012-276 
( Table 1 ). 
of the returned data to be a useful indicator of such a response. 
Measured CPRs for icy materials typically exceed unity (e.g., Ostro 
et al., 1992; Harmon et al., 1994; Black et al., 2001 ). 

In 1994, the Clementine spacecraft performed a bistatic scat- 
tering experiment targeting the lunar poles using the Clementine 
high gain antenna to transmit a 6 W signal to the lunar sur- 
face and a 70 m deep space network (DSN) ground station to 
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Table 1 
Mini-RF observations made during the bistatic campaign. 
Observation Date Time (GMT) Location Imaging Geometry 

Year DOY Start Stop Latitude ( °) Longitude ( °) PRI (µs) Incidence angle ( °) Emission angle ( °) Bistatic angle ( °) Range 4 (km) 
Hansteen 1 2011 096 17:33:26 17:39:32 "2 to "15 "52 to "53 640 47 to 49 33 to 59 0.1 to 15 50 to 79 
Newton 2012 137 13:38:20 13:46:20 "71 to "90 "180 to 180 625 66 to 89 72 to 81 6 to 18 108 to 195 
La Condamine S 2012 220 07:51:18 07:57:43 47 to 67 "22 to "31 525 57 to 76 53 to 62 0.1 to 20 251 to 334 
Cabeus 2012 220 08:30:04 08:40:04 "82 to "90 "180 to 180 1600 79 to 93 3 73 to 90 0.1 to 21 104 to 344 
Kepler 2012 276 05:35:20 05:38:45 1 to 12 "37 to "39 700 40 to 44 33 to 46 0.1 to 12 119 to 163 
Aristarchus 2012 304 04:10:35 04:17:00 22 to 35 "49 to "54 625 55 to 64 49 to 64 0.1 to 12 187 to 290 
Newton 2013 071 17:28:38 17:35:03 "71 to "90 "180 to 180 800 67 to 87 75 to 83 3 to 16 125 to 227 
Harpalus 2013 073 18:08:40 18:15:05 41 to 61 "39 to "50 800 59 to 75 52 to 66 0.1 to 20 220 to 341 
Kepler 2013 073 18:21:21 18:31:21 "12 to 20 "35 to "40 800 41 to 49 41 to 60 3 to 22 105 to 225 
Bouguer 2013 127 14:29:21 14:35:46 41 to 61 "30 to "45 1300 56 to 75 58 to 77 0.1 to 18 248 to 466 
Cabeus 2013 127 15:06:01 15:16:01 "67 to "90 "180 to 180 1300 67 to 92 3 69 to 87 0.1 to 30 85 to 275 
Byrgius A 2013 157 13:53:26 13:59:51 "16 to "36 "61 to "66 10 0 0 68 to 73 52 to 73 0.1 to 18 93 to 227 
Byrgius A 2013 157 15:52:02 15:58:27 "16 to "36 "62 to "65 10 0 0 68 to 73 49 to 67 4 to 22 87 to 180 
La Condamine S 2013 181 10:21:01 10:27:26 47 to 67 "20 to "35 1400 57 to 76 61 to 76 0.1 to 16 271 to 460 
Cabeus 2013 181 10:59:30 11:09:30 "67 to "90 "180 to 180 1750 66 to 96 3 73 to 90 0.1 to 24 110 to 427 
Haworth 2013 235 06:56:10 07:02:35 "77 to "90 "180 to 180 10 0 0 73 to 93 3 76 to 88 0.1 to 16 138 to 315 
de Gerlache 2013 236 06:38:26 06:44:51 "79 to "90 "180 to 180 1100 78 to 98 3 77 to 89 1 to 20 130 to 334 
Littrow D 2013 273 11:39:18 11:49:18 17 to 39 32 to 35 575 35 to 47 31 to 44 0.1 to 15 131 to 189 
Littrow D 2013 273 13:37:44 13:47:44 8 to 39 31 to 36 990 33 to 48 36 to 54 1 to 21 126 to 222 
Anaxagoras 2013 303 12:43:51 12:50:16 65 to 85 "3 to "36 1600 60 to 80 70 to 83 3 to 23 363 to 594 
Cabeus 2 2013 345 22:59:58 23:06:23 "74 to "84 "15 to "53 1500 74 to 85 66 to 88 1 to 29 70 to 281 
Cabeus 2013 346 00:59:26 01:05:51 "72 to "90 "180 to 180 1500 73 to 92 3 65 to 86 0.1 to 28 68 to 237 
Cabeus 2014 116 13:43:32 13:53:32 "63 to "90 "180 to 180 1150 62 to 92 3 73 to 88 0.1 to 25 132 to 373 
Littrow D 2014 153 20:11:44 20:21:44 7 to 39 31 to 35 600 31 to 46 29 to 43 0.1 to 17 120 to 188 
Byrgius A 2014 201 10:13:17 10:23:17 "12 to "44 "59 to "67 850 71 to 80 51 to 78 0.1 to 25 92 to 292 
Aristarchus 2014 227 08:51:07 09:01:07 5 to 37 "44 to "52 1050 52 to 65 45 to 64 0.1 to 14 137 to 268 
Byrgius A 2 2014 228 08:4 8:4 9 08:58:49 "13 to "45 "56 to "68 1150 72 to 79 61 to 87 2 to 14 114 to 455 
Littrow D 2014 235 13:44:54 13:54:54 14 to 45 32 to 36 600 30 to 49 29 to 38 0.1 to 20 125 to 178 
1 Initial collect was 35 w; 2 Portion of collect not acquired; 3 Incidence angles > 90 ° indicate data acquired past the limb as defined from the transmitter (i.e., over the 

horizon); 4 Distance from the spacecraft to the surface, evaluated at the time a pixel in the image is closest in angle to the Mini-RF boresight. 
receive the backscattered return ( Nozette et al., 1996 ). An en- 
hancement in CPR at a bistatic angle of 0 ° (i.e., opposition) of 
approximately 1 dB ( #125%) centered on the south pole was 
reported, while other measurements of the north pole and sunlit 
terrain adjacent to the south pole showed no such enhancements 
at similar incidence angles. Subsequent analysis of these data 
suggested that water ice was present on the lower, permanently 
shadowed, part of the Earth-facing inner slope of the south polar 
crater, Shackleton ( Nozette et al., 2001 ). Other work has called the 
interpretation of the Clementine data into question ( Simpson and 
Tyler, 1999 ) and ground-based radar analyses of Shackleton crater, 
and surrounding polar terrains, at small bistatic angles ( < 1 °) have 
interpreted surfaces with enhanced CPR signatures as indicative 
of effects due to roughness, not water ice ( Stacy et al., 1997; 
Campbell et al., 2006; Campbell and Campbell, 2006 ). 

The Mini-RF instrument on LRO is a hybrid-polarized, side- 
looking, SAR that was designed as a monostatic system ( Chin 
et al., 2007; Nozette et al. 2010 ); i.e., the antenna operated as a 
transmitter and receiver. One of its primary objectives was the col- 
lection of radar data in the permanently shadowed regions of the 
lunar poles su!cient to determine the presence and distribution of 
water ice. Monostatic S-band (12.6 cm) and X-band (4.2 cm) data 
collected by Mini-RF have been interpreted, using radar scattering 
models ( Thompson et al., 2011 ), as consistent with the presence 
of water ice in at least 80 permanently shadowed polar craters 
( Spudis et al. 2010, 2013 ). While the monostatic scattering models 
are supportive of the presence of water ice, ambiguities do permit 
alternative interpretations (e.g., Fa et al., 2011; Eke et al., 2014 ). 
Chief among these alternatives are CPR enhancements caused by 
decimeter scale roughness produced by mass wasting, block fields, 
impact melt flows, and fallback breccias. 

In December of 2010 the Mini-RF transmitter experienced a 
malfunction and ceased to operate, precluding further monostatic 
data collection. Despite this malfunction, Mini-RF significantly ex- 
ceeded its pre-mission data collection objectives, as well as its 1- 

year design lifetime as a technology demonstration. The Mini-RF 
receiver and other instrument subsystems were not affected by the 
malfunction so a campaign to observe the Moon in concert with a 
ground-based radar asset (Arecibo Observatory) using a bistatic ar- 
chitecture was devised. 

The Mini-RF instrument operated in concert with the Arecibo 
Observatory to collect bistatic radar data of the lunar nearside 
from 2012 to 2015. Mini-RF served as the receiver for bistatic 
operations and the Arecibo Observatory served as the transmitter. 
This architecture maintained the hybrid dual-polarimetric nature 
of the Mini-RF instrument ( Raney et al., 2011 ) and, therefore, 
allowed for the calculation of the Stokes parameters (S 1 , S 2 , S 3 , 
S 4 ) that characterize the backscattered signal (and the products 
derived from those parameters). Observations made with the 
Mini-RF/Arecibo Observatory bistatic architecture differed from 
the Clementine bistatic experiment in a few key ways. The trans- 
mit/receive architecture was reversed – the Clementine spacecraft 
acted as the transmitter and the one of the 70 m DSN stations 
acted as the receiver. The Clementine measurements were Doppler 
only ( Nozette et al., 1996 ), whereas the Mini-RF receiver permit- 
ted both range and Doppler measurements of the surface. This 
provided the information necessary to form images of the surface 
being investigated. Also, a greater number of targets and sur- 
face morphologies were investigated by Mini-RF at higher spatial 
resolutions and over a larger range of bistatic and incidence angles. 

The goal of the Mini-RF bistatic campaign was to characterize 
the radar scattering properties of the surface and near-surface, as a 
function of bistatic angle, for a variety of lunar terrains and search 
for a coherent backscatter opposition effect indicative of the pres- 
ence of water ice. Experimental work at optical wavelengths has 
demonstrated that dry lunar regolith and water ice can produce an 
opposition response ( Hapke and Blewett, 1991; Hapke et al., 1993, 
1998; Nelson et al., 20 0 0, 20 02; Piatek et al., 20 04 ). An opposition 
surge involving phase angles $ 4–7 ° was observed for dry lunar re- 
golith ( Hapke et al., 1993, 1998 ). A much more narrow opposition 
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surge involving phase angles $ #1 ° was observed in an experiment 
using a water ice analog ( Hapke and Blewett, 1991 ). The results of 
that experiment were used to provide insight into the CPR charac- 
teristics of icy satellites at radar wavelengths. However, it should 
be noted that the relationship between scattering processes at op- 
tical versus radar wavelengths for these materials is not known. 

The objective of Mini-RF bistatic operations was to sample a va- 
riety of lunar terrains, polar and nonpolar, for a range of incidence 
angles and for bistatic angles from near 0 ° to > 10 °. The Mini-RF 
campaign included 28 observations of the lunar surface. A vari- 
ety of terrains were sampled within the observations; including 
mare, highland, pyroclastic, crater ejecta, and crater floor materials 
( Fig. 1 , Table 1 ). Locations that showed evidence of an opposition 
effect were re-targeted on multiple occasions in an effort to deter- 
mine the character of the response. These included the ejecta of 
several Copernican-aged craters and the floor of the south-polar 
crater Cabeus, the target of the LCROSS impact experiment. The 
portion of the crater floor that was observed, however, was not in 
permanent shadow. 
2. Method 
2.1. Experiment 

The transmitter for Mini-RF bistatic observations was the 305 m 
Arecibo Observatory radio telescope in Puerto Rico. For each ob- 
servation, the Arecibo Observatory antenna illuminated the lunar 
surface with a circularly polarized, S-band (2380 MHz) chirped sig- 
nal that had a fixed peak power of 200 kW and tracked the Mini- 
RF antenna boresight intercept on the surface of the Moon. The 
transmitted pulses were 100 µs long, had a chirp start frequency 
of 2379.2 MHz, a chirp rate of 1.6 %10 4 MHz/s, and a bandwidth 
of 1.6 MHz for all observations. The pulse bandwidth resulted in 
a one-way slant plane resolution of 94 m. The pulse repetition in- 
terval of the transmitted signal was tunable and varied for Mini- 
RF bistatic observations from 525 and 1750 µs (PRI in Table 1 ). 
The choice of pulse repetition interval for each observation served 
two purposes. The first was to avoid range and Doppler ambigui- 
ties in the signal received by Mini-RF. The second was to separate 
the backscattered signal of the target location from signals that 
come directly to the Mini-RF antenna via the Arecibo Observatory 
and that come from specular, forward-scattering off of the lunar 
surface. 

For each observation, the LRO spacecraft attitude was adjusted 
so that the Mini-RF antenna boresight swept along the portion 
of the lunar surface illuminated by the Arecibo Observatory and 
through the target area of interest at the desired bistatic angle. The 
ability to point the Mini-RF antenna was limited by spacecraft con- 
straints (e.g., Sun keep-out zones, solar panel illumination, thermal 
considerations, etc.) and by the need to avoid range and Doppler 
ambiguities in the backscattered signal (which could also be mit- 
igated by the choice of pulse repetition interval). The Mini-RF re- 
ceiver operated continuously during each bistatic observation and 
separately received the horizontal and vertical polarization compo- 
nents of the returned signal. The signal was sampled at a fixed rate 
of 2.083 MHz and the resulting complex-valued data were stored 
as 3-bit values for later transmission to Earth using a block adap- 
tive quantization algorithm ( Kwok and Johnson, 1989; Algra 2002 ). 
These data included the backscattered returns from the target lo- 
cation, specular returns from the lunar surface, and signals that 
reached the Mini-RF antenna directly from the Arecibo Observa- 
tory. The backscattered signal was used to form an image of the 
surface. The specular return and direct-path signals were sources 
of interference. However, the latter was also crucial as a phase ref- 
erence for processing the backscattered signal into an image. 

Fig. 3. Incidence (a), emission (b), bistatic angle (c) and range (d) to the surface for 
observation of the crater Kepler and surrounding Oceanus Procellarum mare mate- 
rials from bistatic observation 2012-276 ( Table 1 ). 
2.2. Data processing 

Horizontal- and vertical- polarization power images ( Fig. 2 ) were 
created using a time-domain back projection algorithm that uti- 
lized phase history measurements in the raw downlinked Mini-RF 
data to calculate the pixels that comprise a complex-valued im- 
age ( Wahl et al., 2012 ). This method required accurate knowledge 
of both the timing of an observation and the imaging geometry. 
The timing information necessary to form an image was drawn 
from the start time and pulse repetition interval of the observa- 
tion ( Table 1 ). The imaging geometry referred to the time-varying 
positions of the Mini-RF and Arecibo Observatory antennas rela- 
tive to the three-dimensional position of the target location in the 
ground-plane of the scene. This information was determined from 
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Fig. 4. Stokes parameter – S 1 (a), S 2 (b), S 3 (c), S 4 , (d) – and CPR (e) information 
for the crater Kepler and surrounding Oceanus Procellarum mare materials from 
bistatic observation 2012-276 ( Table 1 ). 
ephemerides of LRO and the Arecibo Observatory and from the 
orientation of the spacecraft reference frame relative to an ideal 
nadir-tracking reference frame. The ephemerides were relative to 
the Moon mass center in a Moon body-fixed Mean Earth/Polar 
Axis reference frame evaluated from the JPL DE421 ( Folkner et al., 
2009 ). Ancillary geometric information useful for interpretation of 
the radar data was also produced from the image formation pro- 
cess ( Fig. 3 ). All radar images and ancillary information assumed 
a spherical body. That is, the potential effect of local lunar topog- 
raphy was not considered as part of the image formation process. 
This assumption affects the accuracy of the ancillary geometric in- 
formation calculated for each collect. 

The powers in the H and V images were calibrated for mea- 
sured differences in amplitude, a , and phase, !, 
( H, V ) C = !

1 
a e i!( T ( t ) ) H, aV " (1) 

where a = 1 . 1060 and, 
!( T ( t ) ) = 177 & " 0 . 36 & % T ( t ) (2) 

In Eqs. 1 and 2 , T represents the temperature of the receiver at 
the time when the Mini-RF antenna boresight is closest in angle to 
a corresponding point in the image. 

The amplitude and phase characteristics of the H- and V- 
channels in the Mini-RF receiver were determined based upon 

Fig. 5. Examples of image artifacts present in some bistatic observations. (a) Direct 
path interference (arrow) in S 1 data of the 24 diameter km diameter crater Horre- 
bow in observation 2013-127 – Bouguer. (b) Specular interference (dashed lines) in 
CPR data of a region near the 38 diameter km crater Bianchini in observation 2013- 
127 – Bouguer. (c) Side lobe ghosts (arrows) of an unnamed crater in S 1 data of 
observation 2014-227 – Aristarchus. (d) Higher-order side lobe interference (dashed 
circle) in S 1 data of a shadowed portion of the floor and wall of the 119 km diame- 
ter crater Klaproth in observation 2014-116 – Cabeus. 

pre-launch measurements and two on-orbit calibration exer- 
cises that occurred while the instrument was fully functional 
( McKerracher et al., 2010 ). The first exercise involved reorienting 
the LRO spacecraft to point the Mini-RF antenna directly at the 
Arecibo Observatory. The Arecibo Observatory transmitted a circu- 
larly polarized signal to Mini-RF while the spacecraft was slewed 
such that the Mini-RF-to-Arecibo Observatory orientations varied 
for the azimuth versus elevation antenna axes. A second exercise 
involved rolling LRO to align the Mini-RF antenna such that it 
pointed in the nadir direction and then transmitted a signal to the 
lunar surface. Under this condition, radar backscattering properties 
are such that both H- and V-polarizations retain their relative 
transmitted amplitude and phase balances in the returned signal, 
as compared to the transmitted signal; that is, the backscatter 
in the H- and V-channels remains statistically independent. This 
experiment allowed for a comparison of the piecewise receive 
calibration response through an end-to-end system measurement. 
Built-in loop-back measurements in the instrument provided a 
means to compare on-orbit performance directly with predictions 
based on pre-launch measurements. 
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Fig. 6. Example sampled region (dashed ellipse) of Cabeus floor material in bistatic observation 2013-127 ( Table 1 ). (a) First stokes parameter, S 1 , image for part of the 
crater floor and wall. (b) Filtered S 1 data; areas shown in red were excluded from analysis. (c) Plot of mean CPR as a function of bistatic angle (solid line) and its uncertainty 
(dashed lines) for entire sample region of Cabeus floor. (d) Plot of mean CPR as a function of bistatic angle (solid line) and its uncertainty (dashed lines) for filtered sample 
region of Cabeus floor. 

The hybrid dual-polarimetric nature of Mini-RF allowed for the 
calculation of the Stokes parameters (S 1 , S 2 , S 3 , S 4 ) that character- 
ize the backscattered signal ( Raney, 2007; Raney et al., 2011 ). The 
Stokes parameters ( Fig. 4 a–d) were produced from the calibrated 
power in each channel, 
S 1 = | E H | 2 + | E V | 2 (3) 
S 2 = | E H | 2 " | E V | 2 (4) 
S 3 = 2 Re E H E !V (5) 
S 4 = "2 Im E H E !V (6) 
and represent the time-averaged polarization properties of the 
backscattered field ( Born and Wolf, 1959 ). In these expressions, the 
chevrons ( < > ) indicate averaging and Re and Im indicate the real 
or the imaginary value of the complex cross-product. The negative 
sign for S 4 is consistent with the backscattering alignment coordi- 
nate convention ( Boerner et al., 1998 ). 

A product derived from the Stokes parameters and produced for 
the analysis of Mini-RF bistatic observations is the Circular Polar- 
ization Ratio (CPR), 
CP R = ( S 1 " S 4 ) 

( S 1 + S 4 ) (7) 

CPR information (e.g., Fig. 4 e) is commonly used in analyses of 
lunar radar data (e.g., Ghent et al., 2005, 2008, 2010; Campbell 
et al., 2006, 2010, 2012; Spudis et al., 2010, 2013; Carter et al., 
2012; Raney et al., 2012; Thomson et al., 2012; Neish et al., 2011, 
2013, 2014; Cahill et al., 2014 ), and is a representation of surface 
roughness at the wavelength scale of the radar. In other words, sur- 
faces that are smoother at the wavelength scale will have lower 
CPR values and surfaces that are rougher will have higher CPR val- 
ues. High CPR values can also serve as an indicator of the presence 
of water ice ( Ostro et al., 1992; Harmon et al., 1994; Black et al., 
2001 ). 

Image artifacts were present in multiple SAR images formed 
from Mini-RF/Arecibo Observatory bistatic observations ( Fig. 5 ). 
These occurred when direct-path signals, specular returns, or side 
lobe interference were present in the processed beam pattern. A 
direct-path signal manifests as a sharp line in the SAR images (e.g., 
Fig. 5 a). A specular return appears as a wider swath of additional 
energy in the SAR image and is easiest to observe in ratio images 
such as CPR ( Fig. 5 b). Side lobe interference appears as ‘ghost’ im- 
ages of strong reflecting surfaces when range or Doppler ambigu- 
ities align with the first side lobe of the radar return ( Fig. 5 c) or 
as streaks in regions of low radar energy when range or Doppler 
ambiguities align with higher-order side lobes of the radar return 
( Fig. 5 d). 
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2.3. Data analysis 

The data necessary to detect and characterize the opposition re- 
sponse of various lunar terrains were drawn from the S 1 (equiv- 
alent to total power), CPR, and bistatic angle information of a 
given bistatic observation (e.g., Figs. 4 a, 4 e, and 3 c). Regions within 
an observation that were representative of a specific lunar ter- 
rain were sampled (e.g., Fig 6 a) and the CPR response of the re- 
gions were plotted against the range of bistatic angles observed 
(e.g., Fig. 6 c). Each terrain was sampled multiple times within an 
observation and often in multiple observations of the same terrain. 
The sampled data were then combined for analysis. CPR values 
were binned in 0.1 ° bistatic angle intervals and the mean value for 
each bin was determined. Each CPR bin contained measurements 
from multiple locations within the sampled region. The number of 
CPR measurements per bin averaged to 10 0 0. Bins with < 10 0 CPR 
measurements were excluded from consideration. The resolution of 
the data was #100 m in range and 2.5 m in azimuth but could vary 
one observation to another, as a function of the viewing geometry. 
For analysis, the data were averaged in azimuth to provide a spa- 
tial resolution of 100 m. This yielded an #50-look average for each 
sampled location in an observation and an approximate 1/N 1/2 un- 
certainty in the CPR measurements of ± 0.16 [Campbell, 2002] . 

The fixed location of the Arecibo Observatory transmitter with 
respect to the Moon presented a fundamental limitation to acquir- 
ing radar information of the lunar surface and introduced a sig- 
nificant source of noise to the analysis of some bistatic observa- 
tions. The noise source was the result of radar shadows cast by the 
geometry-limited capacity of the Arecibo Observatory to illumi- 
nate surfaces down track of positive or negative topography. Data 
from portions of a Mini-RF bistatic SAR image shadowed from the 
Arecibo Observatory consisted solely of receiver thermal noise. The 
polarization properties of these data are random and can produce 
large variations in CPR. 

The impact of radar shadow noise on analysis of bistatic data 
was dependent on the incidence angle of the observation; i.e., data 
acquired at grazing incidence were most affected ( Fig. 6 a and c). 
A filter was developed to mitigate the influence of this source of 
noise using the power spectrum of the S 1 data for a given obser- 
vation. The spectrum was used to determine an S 1 transition value 
below which the fraction of pixels that were noise in that obser- 
vation exceeded those that were signal. CPR measurements of any 
pixel in the observation that were sampled for analysis and had an 
S 1 pixel value below 30% of the determined transition value were 
then excluded from consideration ( Fig. 6 b and d). That threshold 
was chosen for two reasons. First, pixels that have a value 30% 
of the determined transition value are twice as likely to be noise 
as they are signal for any SNR exceeding 2 dB ( McDonough and 
Whalen, 1995 ). Second, application of that threshold value masked 
pixels in radar shadow with a high degree of accuracy for all 28 
bistatic observations (e.g., Fig. 6 b). 
3. Results 
3.1. Crater ejecta 

The ejecta of young, fresh craters often stand out among other 
lunar terrains when observed at radar wavelengths (e.g., Thompson 
et al., 1981; Campbell 2012; Raney et al., 2012; Patterson et al., 
2013; Neish et al., 2013 ). This is a result of the relatively high 
population of cm- to m-scale scatterers (i.e., blocks) found at the 
surface of and mixed within the deposited ejecta. The roughness 
signature associated with such a population can lead to CPRs that 
exceed unity ( Campbell 2012 ). The ejecta of several Copernican- 
aged craters were targeted during the Mini-RF bistatic campaign 
characterize the opposition response of this prominent terrain. 

Fig. 7. Bistatic radar observations of the Copernican-aged craters Byrgius A (2014- 
201), Kepler (2012-276), and Bouguer (2013-127). (a-c) S 1 images of craters. (d-f) 
CPR data for craters, stretched from 0 to 1. Continuous ejecta sampled from crater 
rim to dashed circle for each crater. 
Targets discussed here include the craters Byrgius A, Kepler, and 
Bouguer ( Tables 1, 2 and Fig. 7 ). Analysis of the craters was re- 
stricted to CPR measurements of their continuous ejecta blankets 
( Fig. 8 ) to isolate the response of the ejecta from surrounding ma- 
terials. This region typically encompasses surface material within 
approximately 1-2 crater radii of the crater rim ( Moore et al. 1974 ). 

Crater ejecta influences the topography of the lunar surface, 
producing low slope deposits (i.e., a few degrees or less, except 
near the crater rim) that extend for multiple crater radii. Any vari- 
ation from the flat surface assumed in the SAR image formation 
process ( Section 2.2 ) can affect the geometric information (i.e., in- 
cidence, emission, bistatic angle) used in this analysis. However, 
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Table 2 
Details of bistatic observations for selected Copernican crater ejecta blankets. 
Ejecta Target Date Orbit Bistatic angle ( °) Incidence angle ( °) 

Year DOY Min. Max. Min. Max. 
Byrgius A 2013 157 17,982 0.7 6 .5 69.7 71.0 

2013 157 17,983 5.2 13 .6 69.2 70.5 
2014 201 22,948 1.2 5 .3 73.5 75.0 

Kepler 2012 276 14,977 1.3 8 .5 41.5 43.0 
2013 073 16,963 4.8 15 .2 42.9 44.6 

Bouguer 2013 127 17,618 1.0 5 .4 64.8 66.3 

Fig. 8. Plots of mean CPR (solid lines) versus bistatic angle for sampled ejecta of craters (a) Byrgius A, (b) Kepler, and (c) Bouguer and their uncertainties (dashed lines). 
Summary plot (d) shows results of all sampled regions. 
the low slope topographic variation associated with crater ejecta 
deposits would have a negligible impact on the geometric infor- 
mation included in the analysis, considering the angular ranges of 
that information in a given bistatic observation ( Table 2 ). Portions 
of the ejecta for Byrgius A were a possible exception. 
3.1.1. Byrgius A 

Byrgius A ( Fig. 7 a and d) is a 19 km diameter Copernican crater 
located at 24.5 °S, 63.7 °W between Mare Humorum to the west 
and the Orientale impact basin to the east. Age estimates based 
on crater counting statistics suggest the crater may be as young as 
48 My ( Morota et al., 2009 ). The ejecta of the crater was observed 
on four occasions over the course of the Mini-RF bistatic campaign 
( Table 1 ) but the final observation included artifacts in the pro- 

cessed image that rendered it unsuitable for analysis. The other 
three observations covered bistatic angles as low as 0.72 ° for in- 
cidence angles ranging from 69.2 ° to 75 ° ( Table 2 ). The S 1 and CPR 
images produced from the observations clearly indicate the bound- 
ary between the rough ejecta and the surrounding terrain ( Fig. 7 a 
and d). 

The CPR response of the ejecta as a function of bistatic an- 
gle shows a general trend toward increasing CPR with decreasing 
bistatic angle ( Fig. 8 a). The #30% increase in CPR from a value of 
0.66 at 5 ° to a value of 0.94 at a bistatic angle of slightly less than 
1 ° is indicative of an opposition effect. However, the broad peak 
observed for bistatic angles between 5 ° and 9 ° is not expected. 
This may be explained by the fact that the sampled ejecta of that 
crater was deposited on the rim, wall, and floor of the larger crater 
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Fig. 9. Example sampled region (dashed ellipses) of Cabeus floor material in CPR data of bistatic observation (a) 2012-220 and (b) 2013-127 ( Table 1 ). (c) Plot of mean CPR 
(solid line) versus bistatic angle and its uncertainty (dashed line) for sampled floor materials in observations 2012-220. (d) Plot of mean CPR (solid line) versus bistatic angle 
and its uncertainty (dashed line) for sampled floor materials in observations 2012-220 and 2013-127. 
Byrgius. The steep slope of the Byrgius wall may deviate from the 
approximation of a flat surface enough to influence the character 
of the opposition effect observed. 
3.1.2. Kepler 

Kepler ( Fig. 7 b and e) is a 32 km diameter crater located at 
8.1 °N, 38.0 °W between Oceanus Procellarum to the west and 
Mare Insularum to the east. Age estimates based on crater count- 
ing statistics suggest Kepler is as young as 625 My ( Koenig 
et al., 1977 ) or as old as 1250 My ( Baldwin, 1985 ). The ejecta 

of the crater was observed on two occasions over the course of 
the Mini-RF bistatic campaign ( Table 1 ). The observations cov- 
ered bistatic angles as low as 1.3 ° for incidence angles ranging 
from 41.5 ° to 44.5 ° ( Table 2 ). As with Byrgius A, the S 1 and 
CPR images produced from the observations clearly indicate the 
boundary between the rough ejecta and the surrounding terrain 
( Fig. 7 b and e). 

The mean CPR of Kepler ejecta is markedly higher for bistatic 
angles < 3.6 °, with a sharp increase from 0.48 to 0.61 observed 
over 0.3 ° of bistatic angle ( Fig. 8 b). This suggests an opposition 
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Table 3 
Details of bistatic observations for Cabeus floor materials. 

Bistatic angle Incidence angle 
Target Date Orbit ( °) ( °) 

Year DOY Min. Max. Min. Max. 
Cabeus 2012 220 14,303 0.5 2.0 82.4 83.6 

2013 127 17,618 0.9 5.8 83.7 85.1 
2013 181 18,272 0.5 2.0 83.4 83.8 
2013 346 20,279 3.0 8.6 85.1 86.6 
2014 116 21,918 1.8 2.5 84.1 85.4 

effect. However, its character is distinctly different from that 
observed for Byrgius A ejecta ( Fig. 8 d). The difference in CPR 
magnitude between the two may be a result of the > 25 ° dif- 
ference in the incidence angles of the Byrgius A and Kepler 
observations ( Table 3 ); CPR scales as the cosine of the incidence 
angle ( Hagfors, 1970 ). However, the sharp increase in CPR and the 
plateau at small bistatic angles set Kepler ejecta apart. Further, the 
plateau is not a feature predicted by theoretical or experimental 
work on CBOE ( Hapke and Blewett, 1991; Mishchenko, 1992, 
20 07, 20 08; Hapke et al., 1998; Nelson et al., 20 0 0; Piatek et al., 
2004 ). 
3.1.3. Bouguer 

Bouguer ( Fig. 7 c and f) is a 22 km diameter crater located at 
52.3 °N, 35.8 °W on the southern edge of Mare Frigoris, east of the 
prominent crater Harpalus. Age estimates based on counting statis- 
tics are not available for the crater but geologic mapping indicates 
it is Copernican-aged ( Ulrich, 1969 ), suggesting it is younger than 
#1.2 Gy ( Hörz et al., 1991 ). The ejecta of the crater was observed 
once over the course of the Mini-RF bistatic campaign ( Table 1 ). 
The observation covered bistatic angles of #1 ° to 5.4 ° and inci- 
dence angles of 64.8 ° to 66.3 ° ( Table 2 ). A boundary between the 
ejecta of Bouguer and the surrounding terrain is discernable in S 1 
and CPR data of the region ( Fig. 7 c and f) but is much less distinct 
than that observed for Byrgius A and Kepler. The mean CPR of the 
ejecta is #0.66 over the range of bistatic angles observed ( Fig. 8 c). 
No evidence of an opposition effect is present. 
3.2. Cabeus crater 

The south pole of the Moon, in general, was a target of the 
Mini-RF bistatic campaign because of various lines of evidence 
consistent with the presence of H, OH, water or water ice in the 
near surface ( Feldman et al., 1998; Feldman et al., 2001; Colaprete 
et al., 2010; Mitrofanov et al., 2010; Gladstone et al., 2012; Spudis 
et al., 2010; 2013; Thomson et al., 2012; Zuber et al., 2012; Lucey 
et al., 2014; Eke et al., 2015 ). Much of the research into water ice 
at the poles has focused on permanently shadowed regions (PSRs). 
However, water ice can be stable within a meter of the surface for 
extensive portions of polar regions outside of permanent shadow 
( Paige et al., 2010 ). This is important because the ability of Mini- 
RF to make bistatic measurements in PSRs is limited by the incli- 
nation of the Moon with respect to the Arecibo Observatory. Over 
the course of Mini-RF bistatic operations, 10 observations of the 
south polar region were acquired ( Table 1 ) and only a fraction of 
the returned data includes surfaces permanently shadowed from 
the Sun. The vast majority of the data falls within regions where 
water-ice is stable within a meter of the surface, including that for 
the floor of Cabeus crater. 

The south-polar crater Cabeus (85.33 °S, 42.13 °W; 101 km dia.) 
was not initially considered a high-priority target for the Mini- 
RF bistatic campaign. Previous work using Mini-RF and Mini-SAR 
(Chandrayaan-1) monostatic data of Cabeus found no evidence 
for radar-detectible deposits of water ice in the top meter(s) of 

Fig. 10. Bistatic observation 2013-127 – Cabeus ( Table 1 ). (a) S 1 image of obser- 
vation. (b) CPR image of observation stretched from 0 to 1 (color bar). Insets for 
both images show examples of regions sampled for analysis. They include (top) the 
floor of the 111 km diameter crater Casatus, located at 72.6 °S, 30.5 °W, (top mid- 
dle) highland inter-crater plains material, (bottom middle) radar-facing slopes, and 
(bottom) the floor of Cabeus crater ( Table 3 ). 
the surface ( Neish et al., 2011 ). However, an initial observation of 
the crater (2012-220 in Tables 1 and 3; Fig. 9 a) showed scatter- 
ing characteristics for its floor that differed from the surround- 
ing terrain ( Patterson et al., 2014 ). Subsequent analysis of the 
CPR associated with the floor of Cabeus crater, as a function of 
bistatic angle, showed an apparent opposition surge ( Fig. 9 c). An- 
other observation ( Fig. 9 b), covering a broader range of bistatic an- 
gles, was acquired at the next available opportunity (2013-127 in 
Tables 1 and 3 ) and analysis confirmed an opposition surge was 
present ( Fig. 9 d). Cabeus was targeted on four subsequent occa- 
sions but a ground issue at the Arecibo Observatory limited the 
collection of data for one of the observations to regions outside 
the crater floor (2013-346 in Table 1 ). The purpose of those ad- 
ditional observations was to provide more data on the scattering 
characteristics of its floor materials and to characterize and com- 
pare the CPR response of those materials to surrounding highland 
terrain and radar-facing slopes in the vicinity of the crater ( Figs. 10 
and 11 ). 

Highland materials in the south-polar region of the Moon are 
primarily composed of overlapping layers of ejecta from nearby 
craters and basins ( Wilhelms et al., 1979 ). Bistatic radar data of 
this material were sampled from low-slope surfaces of inter-crater 
plains in the vicinity of Cabeus (e.g., Fig. 10 ) and from the floors of 
the nearby, similar-sized craters Casatus ( Fig. 10 ), Klaproth, Blan- 
canus, and Newton A and G. The observations covered bistatic 



12 G.W. Patterson et al. / Icarus 283 (2017) 2–19 

Fig. 11. Plots of mean CPR (solid lines) versus bistatic angle for (a) highland materials, (b) radar-facing slopes, and (c) Cabeus floor materials sampled in 5 bistatic obser- 
vations targeting Cabeus ( Table 3 ). Uncertainty is represented by the 3 " standard deviation of the mean for the measurements in each bistatic angle bin (dashed lines). 
Summary plot (d) shows results of all sampled regions (thick solid line is Cabeus). 
angles as low as 0.5 ° for incidence angles ranging from 64 ° to 
81.5 ° ( Fig. 11 a). The CPR response of the polar highlands is vari- 
able on short baselines but relatively uniform, averaging 0.56, over 
the range of bistatic angles observed. 

Radar-facing slopes sampled in bistatic observations targeting 
Cabeus included several highland massifs (e.g., Fig. 10 ) and the 
walls of large nearby craters such as Newton A and G. This terrain 
was sampled to characterize the influence of topography on the 
CPR response of the region, as a function of bistatic angle. Radar- 
facing slopes are characterized by high S 1 values and low CPRs 
with respect to surrounding materials. The observations covered 
bistatic angles of 0.7 ° to 7.4 ° for incidence angles ranging from 
76.5 ° to 82 ° ( Fig. 11 b). The CPR response of the radar-facing slopes 
is also variable on short baselines but relatively uniform, averaging 
0.4, over the range of bistatic angles observed. 

Including the two initial observations of Cabeus, the floor of the 
crater was observed on 5 occasions over the course of the Mini- 
RF bistatic campaign ( Table 3 ). The observations covered bistatic 
angles of 0.5 ° to 8.6 ° for incidence angles ranging from 82.4 ° to 
86.6 °. The floor materials are not distinct from surrounding mate- 
rial in S 1 data but typically have CPRs that differ noticeably (e.g., 
Fig. 10 ). The mean CPR peaks at #0.7 for bistatic angles of 0.5 ° to 
1.3 ° and then drops to 0.39 at a bistatic angle of 2.2 ° ( Fig. 11 c). The 
CPR remains at an average of #0.4 through to 3.5 ° and then climbs 

steadily to an average of #0.47 for bistatic angles > 6.5 °. This re- 
sponse is characteristic of an opposition effect and is markedly dif- 
ferent from the response of surrounding materials ( Fig. 11 d). The 
floor of Cabeus has a mean CPR at small bistatic angles that is 
higher than nearby highland materials and radar-facing slopes. At 
larger angles, the floor materials have CPRs that are less than the 
nearby highlands and similar to radar-facing slopes. 
3.3. Mare, highlands, and pyroclastic deposits 

Mare deposits observed include Oceanus Procellarum, Mare 
Frigoris, Mare Imbrium, Sinus Roris, and Sinus Iridium. Oceanus 
Procellarum was sampled in observations that targeted Kepler 
crater ( Figs. 4, 7 b and 7 e) and Aristarchus pyroclastic deposits 
( Fig. 12 ). Observations of the mare near Kepler sampled bistatic 
angles of 0.1 ° to 9.1 ° ( Fig. 13 a) at incidence angles of 40 ° to 49 °. 
The mean CPR peaks at 0.34 in that observation for a bistatic angle 
of #1 ° and declines gradually to a value of 0.22 near 9 °. Observa- 
tions of the mare near Aristarchus sampled bistatic angles of 1.6 °
to > 10 ° ( Fig. 13 b) at incidence angles of 61 ° to 63 °. The mean CPR 
of Oceanus Procellarum in that observation averages 0.39 over the 
range of bistatic angles sampled and differs from the observation 
of the mare near Kepler ( Fig. 13 d). The other four mare deposits 
were sampled in observations that targeted the crater Bouguer 
( Fig. 7 c and f) and the 4 km diameter crater La Condamine S 
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Fig. 12. Bistatic observation 2012-304 – Aristarchus ( Table 1 ). (a) S 1 image of ob- 
servation. Boundary between pyroclastic deposit and mare indicated with dashed 
line. (b) CPR image of observation stretched from 0 to 1 (color bar). 
( Fig. 14 ). Because of the general proximity of these regions with 
respect to each other in the observations, sampled regions for all 4 
mare deposits were combined and covered bistatic angles of 0.1 ° to 
> 10 ° ( Fig. 13 c) for incidence angles of 56 ° to 77 °. The mean CPR of 
these deposits averages 0.58 over the range of bistatic angles sam- 
pled. This is markedly higher than the CPR of Oceanus Procellarum 
( Fig. 13 d), even though the deposits were sampled at similar inci- 
dence angles. A weak opposition effect is a plausible explanation 

for the observation of Oceanus Procellarum near Kepler, but data 
from the observation of the mare near Aristarchus and data of the 
remaining mare deposits sampled do not support that interpreta- 
tion; at least not as representative of mare deposits in general. 

Highlands materials sampled for analysis were drawn from ob- 
servations of the craters Byrgius A ( Fig. 7 a and d) and Cabeus 
( Fig. 10 ). The Byrgius A observations sampled highlands materials 
for bistatic angles of 0.3 ° to > 10 ° ( Fig. 15 a) at incidence angles 
of 69 ° to 72 °. The CPR response of the highlands for this region is 
variable on short baselines but relatively uniform over the range of 
bistatic angles observed, similar to data for highland materials near 
Cabeus ( Fig. 11 a). The mean CPR of highlands material near Byrgius 
A peaks at 0.64 for a bistatic angle of 0.3 ° and declines gradually 
to a value of #0.5 for bistatic angles > 8 °. An opposition effect is a 
plausible explanation for the observed change in CPR with bistatic 
angle. However, comparison of the CPR response for highland ma- 
terials sampled in the Byrgius A observations with those sampled 
in the Cabeus observations ( Fig. 15 b) suggest that interpretation is 
questionable. 

The Aristarchus plateau pyroclastic deposit was targeted on 
two occasions during the Mini-RF bistatic campaign ( Table 1 ). The 
boundary between the deposit and surrounding mare materials 
is clearly visible in S 1 data of the region but is not discernable 
in CPR ( Fig. 12 ). The observations covered bistatic angles of 0.1 °
to 5.7 ° ( Fig. 16 a) for incidence angles of 57 ° to 61 °. The mean 
CPR of the deposit averages #0.4 for the range of bistatic angles 
sampled. An opposition effect is not observed. The deposit is in- 
distinguishable from measurements of the adjacent mare Oceanus 
Procellarum ( Fig. 16 b). 
4. Discussion 

Mini-RF/Arecibo Observatory S-band radar measurements of 
CPR as a function of bistatic angle indicate the presence of an op- 
position effect for the ejecta of the Copernican-aged craters Byrgius 
A and Kepler and the floor of the south-polar crater Cabeus. A 
portion of Oceanus Procellarum near the crater Kepler and high- 
land material near the crater Byrgius A suggest a potential opposi- 
tion effect but are not conclusive. A third Copernican-aged crater, 
several other mare deposits, highland material near Cabeus, and 
the Aristarchus pyroclastic deposit do not show evidence for an 
opposition effect. Clues to the nature of these responses (or lack 
thereof) are tied to understanding what was sampled in the obser- 
vations and what factor(s) control the presence and character of 
an opposition effect. The probing length of S-band radar into the 
lunar surface is on the order of meters (i.e., 10–20 wavelengths), 
depending on the loss tangent of the material and its real dielec- 
tric constant. This suggests that Mini-RF bistatic observations pri- 
marily sampled lunar regolith; the thickness of lunar regolith on 
the Moon ranges from #1 to 10 m ( McKay et al., 1991; Fa and Jin, 
2010 ). Experiments at optical wavelengths and theoretical analyses 
of the opposition effect for particulate materials indicate porosity, 
composition, and particle size distribution are all factors that can 
influence the presence and character of a response ( Hapke, 1986, 
2002; Nelson et al., 2000, 2002; Piatek et al., 2004; Mishchenko 
et al., 2007; Mishchenko, 2008 ). 

The average porosity of lunar regolith is between 40% and 50% 
to depths of up to 60 cm ( McKay et al., 1991 ). Impact melt has a 
porosity of between 15% and 20% ( Kiefer et al., 2012 ). If impact 
melt were present in bistatic observations, it is possible the frac- 
tion of melt versus regolith that was sampled could play a role 
in the observed response of a given terrain. Observations of PSRs 
by the Lyman Alpha Mapping Project (LAMP) on LRO indicate that 
the porosity of the lunar regolith within PSRs could be as high 
as 70% ( Gladstone et al., 2012 ). However, Mini-RF observations of 
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Fig. 13. Plots of mean CPR (solid lines) versus bistatic angle for sampled mare materials of Oceanus Procellarum in the vicinity of the craters (a) Kepler and (b) Aristarchus 
and for sampled mare materials of Mare Frigoris, Sinus Roris, Mare Imbrium, and Sinus Iridium in the vicinity of the craters Bouguer and La Condamine S (c). Uncertainty 
is represented by the 3 " standard deviation of the mean for the measurements in each bistatic angle bin (dashed lines). Summary plot (d) shows results of all sampled 
regions. 
polar craters ( Table 1 ) primarily sampled regions that were not in 
permanent shadow. 

Laboratory CPR measurements at optical wavelengths of the op- 
position response of relevant materials that vary in composition 
include lunar soil samples ( Hapke et al., 1993, 1998 ) and a water 
ice analog ( Hapke and Blewett, 1991 ). Laboratory measurements of 
the lunar samples included mature and immature soils from maria 
and highland terrains ( Hapke et al., 1993, 1998 ). Fairly broad oppo- 
sition surges, involving phase angles $ 4 to 7 °, were observed for 
the samples. Highland soils showed narrower opposition responses 
than mare soils. Measurements of a water-ice analog material (a 
10% suspension of polystyrene spheres in water) in a laboratory 
setting show a strong, narrow opposition response, involving phase 
angles $ #1 ° ( Hapke and Blewett, 1991 ). However, as indicated 
previously, the relationship between scattering processes at opti- 
cal versus radar wavelengths for these materials is not known. 

An S-band radar is sensitive to scatterers at scales of 10 s of 
centimeters to meters. Specific near-surface terrains with size dis- 
tributions of scatterers that deviate from typical lunar regolith in- 
clude craters and pyroclastic deposits. The walls, floors, and ejecta 
blankets of young, fresh craters are prominently observed in radar 
data of the Moon because of the high fraction of cm-scale and 
larger scatterers deposited on the surface, and mixed within the 
lunar regolith, as a consequence of the impact process (e.g., Fig. 7 ). 

As a result, the CPR for these craters is higher than the surround- 
ing terrain. Pyroclastic deposits include particle sizes of 40 µm to 
1 mm ( Heiken et al., 1974 ), a distribution that is narrower than 
surrounding lunar regolith ( Carrier et al., 1991; Carrier, 2003 ). As 
a result, this terrain is prominently observed in radar data of the 
Moon because of the low fraction of cm-scale and larger scatterers 
present and has been shown to have a CPR lower than surrounding 
terrains ( Carter et al., 2009 ). 
4.1. Crater ejecta 

The responses observed for the continuous ejecta of the craters 
Byrgius A and Kepler indicate that rough surfaces observed at 
S-band radar wavelengths can produce an opposition effect 
( Fig. 8 a and b). However, clear differences in the character of the 
responses for the ejecta of the craters are present. This includes 
both the change in CPR magnitude and the shape of the response. 
In addition, the response for the continuous ejecta of the crater 
Bouguer shows that not all rough surfaces observed at S-band 
radar wavelengths do produce an opposition effect ( Fig. 8 c). Of the 
factors described above that control the presence and character of 
an opposition effect, particle size distribution (i.e., 10 s of cm- to 
m-scale blocks) appears to be a primary influence for this terrain 
type. Porosity may also play a role. 
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Fig. 14. Bistatic observation 2013-181 – La Condamine S located at 57.3 °N, 25.2 °W 
( Table 1 ). (a) S 1 and (b) CPR image for observation. The CPR data is stretched from 
0 to 1 (color bar). 

Age estimates for Byrgius A and Kepler craters, based on crater 
counting statistics, indicate that Byrgius A is younger than Kepler 
( Morota et al., 2009; Koenig et al., 1977; Baldwin, 1985 ). An age 
estimate based on crater counting statistics is not available for 
Bouguer but its classification as a Copernican-aged crater ( Ulrich, 
1969 ) suggests it is younger than 1.2 Gy ( Hörz et al., 1991 ). The 
opposition peak of Byrgius A ejecta leads to a #30% increase in 

Fig. 15. (a) Plot of mean CPR (solid lines) versus bistatic angle for sampled highland 
material in the vicinity of the crater Byrgius A. Uncertainty is represented by the 
3 " standard deviation of the mean for the measurements in each bistatic angle bin 
(dashed lines). (b) Comparison plot of mean CPR (solid lines) versus bistatic angle 
for Byrgius A highland materials and Cabeus highland materials ( Fig. 10 a). 
CPR ( Fig. 8 a). The opposition peak of Kepler ejecta leads to a 
#15% increase in CPR ( Fig. 8 b). An opposition peak is not ob- 
served for Bouguer ejecta. The mean CPR of Byrgius A and Kepler 
ejecta at bistatic angles outside of an opposition peak averages 
#20% higher than surrounding materials ( Fig. 17 a and b). The 
mean CPR of Bouguer averages #5% above surrounding materials 
( Fig. 17 c). Taken together, these characteristics suggest a relation- 
ship between the opposition response of crater ejecta and crater 
age. Such a relationship would likely be driven by progressive 
weathering of the ejecta shifting the particle size distribution 
of the material toward a size range that an S-band radar is not 
sensitive to. This indicates the crater Bouguer is older than Kepler. 

The top few meters of the continuous ejecta for Copernican- 
aged craters likely include the presence of impact melt in addi- 
tion to lunar regolith ( Neish et al., 2014 ). Extensive melt deposits 
flows have been mapped for both Byrgius A and Kepler ( Hawke 
et al., 2010; Öhman et al., 2014 ). Radiative transfer modeling of 
the scattering characteristics of groups of particles indicates that 
the opposition peak strengthens and narrows as porosity decreases 
( Mishchenko et al., 2007; Mishchenko, 2008 ). If differences in the 
fraction of impact melt sampled in the bistatic observations of 
Byrgius A, Kepler, and Bouguer were present, it could have also 
played a role in their measured responses (or lack thereof). Ad- 
ditional work to identify and, if present, isolate the response of 
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Fig. 16. (a) Plot of mean CPR (solid lines) versus bistatic angle for sampled py- 
roclastic deposits of the Aristarchus plateau. Uncertainty is represented by the 3 "
standard deviation of the mean for the measurements in each bistatic angle bin 
(dashed lines). (b) Comparison plot of mean CPR (solid lines) versus bistatic angle 
for pyroclastic deposits and mare materials ( Fig. 12 b) sampled in bistatic observa- 
tions of the Aristarchus region ( Table 1 ). 
impact melt flows will be necessary to understand the importance 
of this potential influence on the opposition response of young, 
fresh crater ejecta. 
4.2. Cabeus 

CPR measurements for the floor of the south-polar crater 
Cabeus as a function of bistatic angle show a clear opposition 
surge; something not observed for the floors of nearby, similar- 
sized craters that were sampled during the Mini-RF bistatic cam- 
paign (e.g., Casatus, Klaproth, Blancanus, and Newton A and G). The 
opposition peak of Cabeus floor materials has a width of #2 ° and 
features a #30% increase in CPR ( Fig. 11 c). The bistatic observations 
of the region surrounding Cabeus indicate that mean CPR values 
for the portion of its floor that was imaged by Mini-RF are less 
than that of the surrounding highlands for bistatic angles > #1.8 °
but similar to that of nearby radar-facing slopes ( Fig. 11 d and 17 d). 
Mean CPR values for the imaged floor of Cabeus are higher than 
that of surrounding highlands and nearby radar-facing slopes for 
bistatic angles of 0.5 ° to 1.8 °. Mini-RF data for bistatic angles < 0.5 °
were not acquired during the bistatic campaign. However, Mini-RF 
monostatic data (i.e., bistatic angle of 0 °) of the crater floor were 
acquired ( Neish et al., 2011 ) and ground-based CPR measurements 

at a bistatic angle of 0.37 ° have been made (e.g., Campbell et al., 
2006 ). Elevated CPRs were not observed in either case. 

The only other lunar terrain with an observed opposition 
response at S-band radar wavelengths is the continuous ejecta 
deposits of the craters Byrgius A and Kepler ( Fig. 17 ). This in- 
vites the question – is the cause of the response for Cabeus 
floor materials related? The continuous ejecta of young, fresh 
craters like Byrgius A and Kepler stand out among other lunar 
terrains when observed at radar wavelengths because of their 
high roughness. This is caused by the relatively high population of 
centimeter- to meter-scale scatterers found at the surface of and 
mixed within the deposited ejecta (a contribution from impact 
melt is also possible). Weathering of these deposits reduces their 
wavelength-scale roughness over time until they are indistin- 
guishable from the surrounding lunar regolith. Cabeus is a highly 
weathered/eroded crater and its immediate surroundings are clas- 
sified as pre-nectarian ( Wilhelms et al., 1979 ). This argues against 
a high roughness deposit being the cause of the opposition surge 
for the observed portion of its floor. In addition, the mean CPR for 
all three of the ejecta deposits analyzed is greater than that of sur- 
rounding materials for all bistatic angles observed ( Fig. 17 a–c). This 
is consistent with the notion that this terrain type represents a 
distribution of scatterers deposited on and mixed within the lunar 
regolith. The fact that the mean CPR for the observed portion of 
Cabeus’s floor is less than surrounding highland terrain for bistatic 
angles > 1.8 ° ( Figs. 11 d and 17 d) suggests this terrain type is not. 

The direct detection of water ice within Cabeus crater 
( Colaprete et al., 2010 ) and various lines of indirect evidence 
consistent with water ice at the south pole of the Moon ( Feldman 
et al., 2001; Mitrofanov et al., 2010; Spudis et al., 2010; 2013; 
Thomson et al., 2012; Zuber et al., 2012; Lucey et al., 2014 ) suggest 
that Mini-RF bistatic observations of the floor of Cabeus detected 
the presence of water ice. The measured opposition surge of the 
imaged portion of Cabeus’s floor is narrow and strong, indicative 
of a coherent backscatter opposition effect ( Fig. 11 c). This narrow 
opposition surge is observed in a region where water ice can be 
stable within the top meter of the surface ( Paige et al., 2010 ). The 
character of the response is unique with respect to all other lunar 
terrains observed during the Mini-RF bistatic campaign. However, 
the quantity of water ice detected in the LCROSS impact ejecta 
plume (3 to 10% by weight) would likely not be observable at 
S-band radar wavelengths. As described in Section 1 , a medium 
that is multiple wavelengths thick (e.g., a coherent deposit or a 
collection of blocks) is required to produce a coherent backscatter 
opposition effect. In addition, the measured CPR of Cabeus floor 
materials for bistatic angles < 0.5 ° does not indicate the presence 
of water ice. These data were gathered by Mini-RF monostatic 
( Neish et al., 2011 ) and ground-based (e.g., Campbell et al., 2006 ) 
observations of the crater and both indicate the CPR of Cabeus 
floor materials is not consistent with CPR measurements at similar 
bistatic angles for other known icy materials (e.g., Ostro et al., 
1992; Harmon et al., 1994; Black et al., 2001 ). 

Previous work has postulated that water ice could be present at 
the Moon as thin layers that would be di!cult to detect with radar 
(e.g., Margot et al., 1999 ). Simulations of volatile transport in the 
lunar regolith have also postulated that blocky deposits of water 
ice may be present near the surface with a density that scales to 
depth ( Hurley et al., 2012 ). If water ice were present at the floor of 
Cabeus and it was concentrated in a relatively thin layer near the 
surface, it could explain the difference in the measured CPR of the 
terrain for Mini-RF monostatic versus bistatic observations. The in- 
cidence angle of Mini-RF monostatic radar observations was fixed 
at 47.6 °. Mini-RF Bistatic observations of Cabeus crater were made 
at incidence angles of #82 ° to 87 °. While the probing length of the 
radar signal will be the same for each observation, the effective 
penetration depth will be greater for the monostatic observations 
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Fig. 17. Comparison plots of (a) Byrgius A ejecta versus surrounding highland materials, (b) Kepler ejecta versus surrounding mare material, (c) Bouguer ejecta versus 
surrounding mare material, and (d) Cabeus floor materials versus surrounding highland materials. 
than for the bistatic observations. If water were present as a thin 
enough layer (e.g., a couple of wavelengths), the multiple scatter- 
ing necessary to produce the high CPR of water ice a 0 ° bistatic 
angle may not have occurred when observed at the Mini-RF mono- 
static incidence angle. If that thin layer were close enough to the 
surface, the grazing incidence observations made during the Mini- 
RF bistatic campaign could have allowed a greater path length into 
the layer; possibly allowing the multiple scattering associated with 
a coherent backscatter effect to be observed. However, this sce- 
nario still does not explain how ground-based grazing incidence 
observations of Cabeus at a bistatic angle of 0.37 ° did not observe 
a CPR for its floor that was higher than surrounding materials. 
5. Conclusions 

The goal of the Mini-RF bistatic campaign was to observe the 
scattering characteristics of the upper meter(s) of the surface, as 
a function of bistatic angle, and search for a coherent backscatter 
opposition response indicative of the presence of water ice. To 
accomplish this goal, a variety of lunar terrain types were sampled 
to search for and characterize the presence of an opposition re- 
sponse. Observations targeted bistatic angles from near 0 ° to > 10 °
and covered a wide range of incidence angles. Terrain types sam- 
pled include mare, highland, pyroclastic, crater ejecta, and crater 
floor materials. A clear opposition surge was detected for the 

continuous ejecta of the Copernican-aged craters Byrgius A and 
Kepler and a portion of the floor of the south-polar crater Cabeus 
that is not in permanent shadow. The opposition responses of 
ejecta material varied by crater in a manner that suggests a 
relationship with crater age. The opposition surge observed for 
the floor of Cabeus differs from that of crater ejecta and appears 
unique with respect to all other lunar terrains observed. Anal- 
ysis of data for this region suggests that the unique nature of 
the response may indicate the presence of blocky, near surface 
deposits of water ice. However, understanding the differences 
between Mini-RF bistatic observations of Cabeus and observations 
gathered by Mini-RF monostatic and ground-based observations 
of the crater remains an open issue. Additional bistatic radar 
observations of Cabeus and other polar craters (e.g., Shoemaker, 
Faustini, Haworth, Peary, etc.), permanently shadowed regions, 
and other regions where water ice is stable in the top meter of 
the surface would be of great benefit to better understanding the 
potential for radar-detectible deposits of water ice. 
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